Uncomplicated urinary tract infections (UTIs) are common, with nearly half of all women experiencing at least one UTI in their lifetime. This high frequency of infection results in huge annual economic costs, decreased workforce productivity and high patient morbidity. At least 80% of these infections are caused by uropathogenic Escherichia coli (UPEC). UPEC can reside side by side with commensal strains in the gastrointestinal tract and gain access to the bladder via colonization of the urethra. Antibiotics represent the current standard treatment for UTI; however, even after treatment, patients frequently suffer from recurrent infection with the same or different strains. In addition, successful long-term treatment has been complicated by a rise in both the number of antibiotic-resistant strains and the prevalence of antibiotic-resistance mechanisms. As a result, preventative approaches to UTI, such as vaccination, have been sought. This review summarizes recent advances in UPEC vaccine development and outlines future directions for the field.
The majority of UTIs begin as a bladder infection, clinically termed cystitis, which results from pathogenic bacteria colonizing the perineum, traversing the urethra and successfully infecting the bladder. If cystitis is left untreated, colonizing bacteria can ascend the ureters to cause a secondary infection in the kidneys, acute pyelonephritis, which can result in renal scarring and permanent kidney damage [6] . In severe cases of pyelonephritis, invading bacteria can breach epithelial and endothelial barriers in the kidney to gain access to the bloodstream (bacteremia) leading to systemic infection and sepsis, a serious and sometimes fatal complication [7] . UTIs occurring in individuals with no physical abnormalities of the urinary tract or medical devices that would circumvent natural host defenses, such as a catheter, are classified as 'uncomplicated' and are the most common type of UTI [1] . Uncomplicated UTIs are unique among bacterial infections, as they occur most frequently among otherwise healthy women between the ages of 18 and 29 years [1] .
Although there are a number of bacterial genera that infect the human urinary tract, including Proteus, Enterococcus, Klebsiella, and Staphylococcus spp. more than 80% of uncomplicated UTIs are caused by a heterogeneous group of Escherichia coli strains, termed uropathogenic E. coli (UPEC) [8] . Genotypic and phylogenetic analyses provide evidence that UPEC is actually part of a larger group of pathogenic E. coli strains collectively termed extraintestinal pathogenic E. coli (ExPEC) that include meningitis-associated E. coli and sepsis-associated UTI [9] . UPEC are distinct from fecal commensal strains of E. coli found in the gastrointestinal tract, in that their genomes frequently encode a war chest of additional genes and virulence factors that facilitate infection of the host urinary tract [8, 10, 11] . These additional genes may encode toxins, adhesins, iron acquisition systems, additional metabolic enzymes and structural components that enable UPEC to take advantage of a unique and otherwise sterile host environmental niche ( Figure 2 ) [12] .
Antibiotic therapy for UTI: rising resistance & inadequate outcomes
Antibiotics currently represent the most commonly prescribed treatment for UTI, and patients who suffer from recurrent infection, having three or more infections a year, may be prescribed antibiotics prophylactically [13] . In individuals plagued with persistently recurring UTI, which includes roughly 3% of women, rising rates of antibiotic resistance to first-and second-line therapies can make UTI treatment especially challenging, forcing physicians to reach for more expensive and sometimes less effective drugs ( Figure 1 ) [14] [15] [16] . For example, in Turkey, the first-line antibiotic for UTI, trimethoprimsulfamethoxazole (TMP-SMX), was used extensively in the early 1980s. By the early 1990s, uropathogen resistance rates to TMP-SMX had increased above 50%, leading to therapeutic failure and physicians to adopt quinolones as the preferred therapeutic for UTI [17] . In the decade following the shift toward quino-lones for UTI treatment, uropathogen resistance rates to quinolones in Turkey spiked at almost 30% [17] . In the USA and Canada, approximately 10-25% of uncomplicated UTI isolates are resistant to TMP-SMX, and in Spain and Portugal the resistance rate can be as high as 35% [15, 18, 19] . Even more troubling is the rate of multidrug resistance among UPEC isolates, which has risen as physicians adapt prescription choices to address shifting microbial susceptibilities [20] . A recent international ARESC documented over 10% of cystitis E. coli isolates to be resistant to at least three different classes of antimicrobial agents [21] .
In addition to contributing to a rise in antibiotic resistance, repeat antibiotic treatment of UTI frequently results in added comorbidities that drive up medical costs and substantially diminish patient quality of life. Indeed, antibiotic therapy may deleteriously affect a patient's commensal microbiota and lead to secondary infections post-treatment, such as vaginal yeast infection and gastrointestinal infection [22] [23] [24] . Individuals who undergo repeat antibiotic treatment are also at increased risk for carrying additional pathogens resistant to multiple antibiotics, further complicating medical care [25] . In an effort to provide a more effective and less costly alternative to antibiotic therapy for UTI management, progress has been made in the development of a preventive vaccine to target the most prominent uropathogen, UPEC.
UPEC vaccine development: improving UTI management through prevention
Although it appears that a prior UTI fails to elicit a protective host immune response and uropathogen heterogeneity complicates vaccine design, data from animal model studies offer encouragement for successful UPEC vaccine development [26, 27] . Immunization with UPEC antigens can stimulate a mucosal immune response that may be effective at preventing experimental UTI and increases in urinary and serum antibody titers correlate with reductions in bladder bacterial load and infection duration [28] [29] [30] [31] [32] . With continued effort, these data provide encouragement that an effective UPEC vaccine can be developed.
A successful UPEC vaccine will likely require the following design considerations. The target of a UPEC vaccine will need to be highly immunogenic, expressed by the bacterium in vivo (i.e., during infection) and be surface-exposed on the bacterium in order to be accessible and recognized by the host immune system [33] . In addition, ideal vaccine candidates should be pathogen-specific, as to avoid targeting host commensal E. coli in the gastrointestinal tract. The heterogeneous nature of the UPEC population will also need to be considered, as a required core set of virulence factors common to all UPEC isolates has yet to be identified. Designing a UTI vaccine that can be effective against such a diverse pathogen population as UPEC may prove to be a considerable challenge. Furthermore, an effective vaccine for UTI will need to generate a robust mucosal adaptive immune response in the urinary tract. To better enable a strong mucosal immune response, research into novel antigen delivery systems, routes of immunization and adjuvants, such as modified heatlabile toxin, engineered outer membrane vesicles and mast cell activators, have been ongoing [34] [35] [36] [37] [38] .
Much of the understanding of UPEC pathogenesis and the ability to evaluate UPEC vaccine designs have relied on the use of a mouse model of experimental UTI (for a recent review of mouse models of UTI see Hung et al. [39] ). The use of mice to model UTI has proven to be an invaluable resource for advancing the knowledge of bacterial infection in the mammalian host. However, like all animal models of human disease, mouse models of UTI are not without limitations. Environmental, behavioral and physiological differences between mice and humans, including differences in the urinary tract, such as urine concentration and contents (mouse urine contains more protein and is more concentrated compared with human urine), require avoidance of direct comparison between human and mouse studies [40] . Indeed, studies comparing UPEC gene expression between bacteria obtained from experimental UTI in the mouse and active human UTI have identified differences, indicating unsurprisingly that artificial infection of the mouse does not directly equate with natural infection in humans [41] . Although mouse UTI models have been instrumental for UPEC vaccine design and data from both animal models and human studies will be included in this review, it is important to differentiate between data obtained through experimental infection in animals and those obtained through human studies. In the following sections, various UTI vaccination strategies, as well as the future directions of the UPEC vaccine field, will be discussed.
Strain diversity & molecular mimicry: vaccines targeting surface polysaccharides
The carbohydrate-rich cell surface of UPEC, such as all Gram-negative bacteria, contains an abundance of various polysaccharides. The external leaflet of the bacterium's outer membrane contains lipopolysaccharide (LPS; O antigen), and virtually all UPEC strains are covered in a protective polysaccharide coat, or capsule (K antigen). O-antigenic LPS and, to a greater extent, K-antigenic capsular polysaccharide are virulence factors that allow UPEC to evade host immune system assaults, such as opsonophagocytosis, complement-mediated killing and damage by antimicrobial peptides [42, 43] . Furthermore, recent work suggests that UPEC capsular polysaccharide and O antigen may cloak subcapsular epitopes on the bacterial cell surface, obscuring them from recognition by host antibodies, demonstrating yet another mechanism by which surface polysaccharides may interfere with the host immune response [44] .
Early UTI vaccine studies focused on surface polysaccharides as targets for immunization, and some O and K antigen-based UPEC vaccines do elicit a protective immune response in animal models of ascending UTI ( [51] . In addition, many UPEC capsular polysaccharides are poorly immunogenic, camouflaged from the adaptive immune system by having a shared structural identity with the host. For example, the capsular antigen K1, which is present in an estimated 30% of pyelonephritis UPEC strains, is formed by repeating units of α-(2-8)-linked polysialic acid [51] . An identical host structure is found in the carbohydrate portion of human neonatal neural cell adhesion molecule, which plays an important role in the organization of neural tissue [52] . The adaptive immune system has protective mechanisms to prevent the generation of selfspecific antibodies and, as a result, α-(2-8)-linked polysialic acid-specific antibodies are inefficiently produced, allowing K1-positive UPEC to avoid host adaptive immune detection [53] . Other UPEC surface polysaccharide antigens, such as capsular antigen K5, display similar molecular mimicry, and their poor immunogenicity coupled with high heterogeneity pose a substantial barrier to the development of a polysaccharide-based UTI vaccine [54] .
Uropathogen cocktails: multistrain whole-cell/cell lysate UTI vaccines
Vaccinating with whole or lysed fractions of inactivated pathogens can be an effective method to generate protective immunity, and a number of successful vaccines against human pathogens, including Bordetella pertussis (whooping cough), Vibrio cholerae (cholera) and Salmonella Typhi (typhus) contain killed whole bacteria [55] . There are four standardized whole-cell/cell lysate-based vaccines that have been tried for UTI with limited success (Table 1) .
Urovac ® (Solco Basel AG, Birsfelden, Switzerland and Protein Express, Cincinnati, OH, USA) was designed to provide broad protection by containing ten heat-killed uropathogens: six UPEC strains, and one strain each of Proteus mirabilis, Morganella morganii, Enterococcus faecalis and Klebsiella pneumoniae. The UPEC strains added to the Urovac ® formulation possess several virulence factors, including hemolysin, type 1, P, and S fimbrial adhesins, CNF-1, several siderophores and the E. coli CFT073 pathogenicity island marker, and display the serotypes O 1, 4, 6, 17, 75, 77, K 1, 3, 5, 13, 95 and H: 1, 5, 7, 33 [56] . Rodents immunized with Urovac intramuscularly were protected for up to 20 weeks from experimental challenge by Urovac homologous strains and some heterologous strains (strains that do not share any of the same O, K or H antigens as the vaccine strains) [28, 29] . Women volunteers with a history of recurrent UTI experienced a statistically significant reduction in recurrent infection (28 infections in 23 patients out of 202 immunized) in the 12 months following intramuscular injections of Urovac (once weekly for 3 consecutive weeks), than women who did not receive the vaccine (84 infections in 47 patients out of 198) [57] . Adverse side effects reported after Urovac injection were comparable with other bacterial vaccines, such as the DTaP vaccine for diphtheria, tetanus and pertussis, including redness at the injection site (25% of patients), pressure (9%), pain (5%) and fever to 38°C (3.5%) [57, 58] . Subsequent trials delivered Urovac vaginally, either with a vaginal suppository or an oil emulsion, to reduce the risk of endotoxin toxicity and adverse side effects, and to stimulate a more robust local mucosal immune response in the urinary tract [59] . Phase II and extended Phase II clinical trials evaluating the efficacy of vaginally administered Urovac ® found that women who received six total doses of vaccine, on weeks 0, 1, 2, 6, 10 and 14, gained short-term protection from infection, having significant delays to reinfection during the first 8 weeks of the study in comparison with women who received placebos [60] [61] [62] [63] . However, over the full course of the 6-month study, Urovac immunization did not provide significant long-term protection from UTI or increase mean levels of UPECspecific serum, urinary or vaginal antibodies [60] [61] [62] [63] . Interestingly, although the average number of UTIs caused by any bacterial strain during the 6-month trial period was not significantly different between the vaccinated and placebo groups with 1.1 and 1.5 infections per patient, respectively, the number of E. coli-caused UTIs was significantly decreased in the Urovac vaccinated group [60] [61] [62] [63] . Of the women receiving Urovac, 72% remained free from UTIs caused by E. coli, compared with women given placebos, of which only 30% remained free from E. coli-caused UTIs, suggesting that Urovac may be successful in reducing the incidence of E. coli-caused UTIs in susceptible women. However, even with a vaginal route of delivery, some of the women reported adverse side effects, including single occurrences of low-grade fever (8%; four out of 50), a burning sensation shortly after treatment (12%; six out of 50), nausea (8%; four out of 50), vaginal bleeding (8%; four out of 50) or vaginal rash (8%; four out of 50) [63] .
OM-89/Uro-Vaxom ® (OM Pharma, Myerlin, Switzerland): is the second such standardized formula, a lyophilized mix of membrane proteins from 18 UPEC strains that has been approved for use as a human therapeutic in Switzerland since 1988 and marketed and sold in almost 40 countries worldwide, excluding the USA and Canada. Uro-Vaxom is prescribed as a daily oral capsule, and several double-blind, placebo-controlled clinical studies have evaluated the vaccine's safety and efficacy [64] [65] [66] [67] [68] . A statistical meta-analysis of five clinical studies, involving 601 female participants given 90 days of treatment, showed UroVaxom to be significantly more effective than placebo in preventing recurrent UTI [69] . In a multicenter clinical trial funded by OM Pharma, women with a history of recurrent UTI were administered a daily oral capsule of Uro-Vaxom for 90 days, given 3 months without treatment and then boosted with a daily dose for 10 days in the beginning of months 7, 8 and 9 [67] . After 12 months, women given Uro-Vaxom experienced a statistically significant reduction in UTI recurrences (185 recurrences in 93 patients out of 220 in total) in comparison with those given placebos (276 recurrences in 122 patients out of 215 in total) [67] . In addition, patients given Uro-Vaxom experienced a reduction in the frequency in the signs and symptoms of UTI, including dysuria (painful urination), bacteriuria (presence of bacteria in the urine) and leukocyturia (presence of leukocytes in the urine) in comparison with women receiving placebos; although this reduction was only statistically significant during one of the six follow-up visits [67] . Patient tolerance of Uro-Vaxom is reported to be good with the most frequent adverse events being headache followed by gastrointestinal events, including pain and nausea and skin reactions [67, 68] . Although Uro-Vaxom does appear to reduce the incidence of recurrent UTI, with limited toxicity issues, the required daily administration may create problems with patient compliance.
Urvakol ® (Institute of Microbiology, Prague, Czech Republic) and Urostim (National Center of Infectious and Parasitic Diseases, Sofia, Bulgaria), the third and fourth standardized whole-cell vaccines, are administered as daily oral tablets containing mixtures of inactivated uropathogens. Both formulations contain strains of E. coli, P. mirabilis and E. faecalis, although Urvakol also includes a strain of Pseudomonas aeruginosa, whereas UROstim contains K. pneumoniae. Data from animal and patient studies demonstrate that Urvakol and UROstim have immunostimulating activity as measured by cytokine production and the presence of vaccine-specific antibodies in the serum, urine and saliva of patients after immunization [70] [71] [72] . However, the ability of either vaccine to prevent recurrent UTI has not been established as well-structured clinical trials have yet to be completed.
Genetically engineered vaccines: improving immunization through genetic modification
In addition to the whole-cell/cell lysate, inactivated UTI vaccines being designed and tested in Europe, vaccines based on genetically modified strains of UPEC are also in development. To determine if UPEC's poorly immunogenic surface polysaccharides impede the generation of an optimal host humoral response, Russo and colleagues immunized mice with a genetically modified isogenic strain of pathogenic E. coli, termed CP923, that is unable to produce capsule or the O antigen of LPS due to a transposon insertion into a gene that encodes for an enzyme involved in rhamnose biosynthesis [73] . Mice immunized intranasally with formalin-killed CP923 generated a significantly greater overall humoral immune response, as measured by serum antibody levels, than mice immunized with the wild-type parental strain CP9 [73] . In addition, immunization with CP923 generated significantly greater levels of antibodies directed against noncapsular and non-O-antigenic epitopes, a desirable outcome for a vaccine directed against the highly heterologous UPEC population [73] . However, when the formalin-killed CP923 vaccine was tested in an intravenous sepsis model of infection, mice intranasally immunized with CP923 were not significantly protected from experimental infection by CP9, in comparison with phosphatebuffered saline-immunized controls [44] . Data from in vitro binding and bactericidal assays suggest that the failure of the CP923 vaccine to protect against CP9 infection, despite generating high serum antibody titers, may be due to interference by CP9 surface polysaccharides [44] . Since UPEC strains are generally positive for capsule and O antigen, the potential of surface polysaccharides to mask nonpolysaccharide epitopes and reduce the efficiency of antibody binding may provide additional motivation to identify capsular antigens or vaccine targets that are external to the capsule.
Employing a vaccine strategy with a similar genetically modified E. coli strain with impaired surface polysaccharide expression, Billips and coworkers assessed the use of a live-attenuated UPEC vaccine to prevent UTI [74] . The authors produced an attenuated mutant UPEC strain unable to persist in the host urinary tract due to a targeted deletion of a gene that encodes an O antigen ligase (waaL), an enzyme required for joining the variable O antigen to the LPS lipid A-core during biosynthesis [74] . Mice inoculated with the liveattenuated UPEC strain (NU14 ΔwaaL), via a urinary catheter to the bladder, were protected from experimental UTI challenge with the wild-type parental strain NU14, as well as a range of clinical UPEC isolates, including CFT073 [74] . Promisingly for UPEC vaccine development, although the live-attenuated vaccine strain NU14 ΔwaaL failed to persist for longer than 2 weeks in the mouse bladder after inoculation, the protective immunity generated postimmunization lasted for at least 8 weeks after vaccination [74] .
Sticky structures: vaccines targeting adherence
UPEC encode a wide variety of adhesins, a general term used to describe extracellular proteins that facilitate bacterial attachment to, or invasion of, host cells, such as fimbriae or pili. Indeed, fimbrial adhesins were among the first recognized UPEC virulence factors and the genomes of UPEC isolates generally contain many more fimbrial operons (8.3 ± 1.3) than those of commensal E. coli strains (2.0 ± 2.3) [75] . For example, the genome of the prototypical UPEC strain CFT073 encodes 12 putative fimbrial operons [11] . Many of these fimbriae enable colonization of the host urinary tract, and it is theorized that blocking bacterial adherence to host epithelial cells by the binding of antibodies could prevent colonization [76] . Naturally, the critical role of adherence during infection has made fimbrial adhesins a prime target for UPEC vaccines. Thus far, however, only a small subset of UPEC fimbriae has been evaluated for use in a UTI vaccine, including P, Dr and type 1 fimbriae.
The UPEC adhesin, PapG, which is the tip adhesin on P fimbriae, binds to Gal(α1-4)Galspecific glycosphingolipids on kidney epithelium (P blood group antigen) and likely plays an important role in UPEC human kidney colonization [77] . Vaccination studies using P fimbrial subunits in murine and primate models of ascending UTI found it to be effective in preventing kidney infection [78] [79] [80] . However, P fimbriae have a limited role during UPEC bladder colonization and, as a result, vaccines targeting the P fimbrial adhesin, PapG, will need to be combined with additional components that can provide adequate protection from infection in the bladder.
Dr fimbriae bind to type 4 collagen and DAF/CD55 on the tubular basement membrane and Bowman's capsule of the human kidney, and contribute to UPEC pathogenesis in animal models of UTI [81, 82] . Mice experimentally infected with a strain of UPEC, positive for Dr fimbriae, maintained higher and more prolonged kidney bacterial loads and developed significantly more tubulointerstitial nephritis than mice infected with a Dr fimbriae knockout mutant [83] . Vaccinating mice with purified Dr fimbriae produced high titers of serum antiDr antibodies and significantly reduced experimental UTI-associated mortality, but did not affect the rate of bladder or renal colonization [84] . Preincubating Dr-positive UPEC with Dr-immunized mouse sera resulted in an observable reduction in bacterial adherence to mouse bladders and kidneys, although the same UPEC antibinding activity was not observed when Dr-positive UPEC were pre-incubated with the urine from Dr-immunized mice [84] . Further studies are needed to fully test the potential of Dr fimbria as a UPEC vaccine target as it is possible that modifying the method or route of Dr antigen delivery may improve vaccine efficacy.
The type 1 fimbrial adhesion FimH mediates UPEC adherence to bladder epithelial cells by binding to mannose residues on uroplakin, a major structural component of the bladder epithelium [85] . In mice, type 1 fimbria is a particularly important UPEC virulence factor, as its expression greatly enhances UPEC binding and colonization of the murine bladder during experimental UTI, a process that can be outcompeted by administering a competitive inhibitor of FimH, such as methyl α-D-mannopyranoside, with the challenging UPEC strain at the time of inoculation [86] [87] [88] . A knockout mutant UPEC strain deficient in FimH production, due to a targeted deletion of the fimH gene, failed to bind human and mouse bladder epithelial tissues, a phenotype that could be restored by complementing fimH expression off a plasmid [89] . The discovery that cystitis could potentially be prevented or treated through disrupting type 1 fimbria-mediated UPEC adherence to bladder epithelium, either pharmacologically or with host-generated antibodies, galvanized efforts to develop FimH-based vaccine designs. Indeed, mice immunized with FimHt, a man-nose-binding truncated form of FimH, or a complex containing the periplasmic chaperone FimC bound to the full-length FimH protein, termed FimCH, were significantly protected from experimental UPEC infection in the bladder, exhibiting a 100-to 1000-fold reduction in the number of colonizing bacteria in comparison with adjuvant-only immunized controls [89] . Immunization with the FimHt vaccine was able to generate a substantial and long-lasting humoral immune response as immunized mice had significantly higher levels of FimHspecific urinary IgG, an outcome that correlated with the levels of protection from infection in the bladder [89] . Cynomolgus monkeys immunized with the FimCH vaccine elicited a strong systemic humoral response and three out of four were protected from experimental UTI 48 h postinoculation, in comparison with zero out of four monkeys in the adjuvant-only control group [90, 91] [41, 93] . In addition, the expression of type 1 fimbriae is phase variable, as its promoter region resides on an invertible element that switches fim expression between on and off [94, 95] . Variation in type 1 fimbriae expression may allow invading UPEC to avoid detection from an adaptive immune response targeting this organelle. In addition, recent evidence suggests that antibodies generated against the adhesive tip of type 1 fimbriae, FimH, do not target the mannose-binding pocket or block FimH adhesion, may actually enhance the binding affinity of FimH for mannose, and are shed as mannose-bound FimH undergoes a conformational shift during binding [96] . While these results may be at odds with the previous understanding of FimH-mediated vaccine protection, they may suggest an alternative explanation for FimH-based vaccine efficacy in mice. The recent evidence suggesting UPEC gene expression may be different between mouse and human infection, and the experience with the FimCH vaccine highlights the need to better understand UPEC antigen expression in the human host. Although the mouse model of ascending UTI is a valuable resource for testing vaccine efficacy and design, the ability to choose promising UPEC vaccine candidates would benefit enormously from having a more complete understanding of UPEC virulence gene expression during UTIs in humans.
Toxin-based UPEC vaccines
Vaccines containing inactivated bacterial toxins, termed toxoids, have been effective against a select number of bacterial pathogens and many current routine childhood vaccinations are toxoid-based, including the diphtheria, tetanus and acellular pertussis vaccine (DTaP), which contains both diphtheria and tetanus toxoids [55] . UPEC genomes frequently contain genes that encode toxins, including α-hemolysin, CNF-1, cytolethal distending toxin, and secreted autotransporter toxins Sat, Pic and Tsh [97] . Many of these toxins have been associated with symptom severity during UTI, such as increased inflammation, bladder epithelial cell shedding and renal damage, but none have been shown to be required for infection and thus may represent less-than-ideal vaccine candidates [98, 99] . When the pore-forming cytolytic toxin, α-hemolysin, was administered intramuscularly to mice, which were then challenged with an intravesicular injection of UPEC, no significant protection was acquired [100] . It was noted, however, that the α-hemolysin-immunized mice did suffer significantly less renal damage than their phosphate-buffered saline immunized counterparts, and although toxoid-based vaccines may not be applicable for reducing the incidence of UTI, they may be effective at reducing infection severity in certain high-risk patient populations.
Required for growth in the host: iron acquisition system-based UPEC vaccines
Nearly all forms of life require iron. Iron is an essential cofactor for enzymes involved in primary and secondary cellular metabolism and a critical component of normal cell physiology. UPEC's ability to colonize the host urinary tract is dependent on iron acquisition [101] . Although the human body contains substantial iron, the majority is inaccessible to invading micro-organisms as it is bound to the oxygen-carrying heme group within hemoglobin or sequestered by iron storage molecules, such as ferritin and hemosiderin. The scarcity of free iron in the host is a major obstacle for microbial growth, and the ability to circumvent this barrier is a hallmark of many successful bacterial pathogens [102] .
UPEC survives in the iron-limited host urinary tract by upregulating the expression of molecular iron acquisition systems that synthesize and secrete small organic iron-chelating molecules called siderophores [41, 103] . Siderophores have extremely high affinity for ferric iron and can successfully compete with host proteins for iron resources. Once iron is complexed, the ferrisiderophore is imported back into the bacterial cell through their respective outer membrane receptors, thereby allowing iron to be extracted from the host and used by the bacterium for its survival [104] . In addition to expressing outer membrane iron receptors specific for its own siderophores, UPEC opportunistically expresses outer membrane receptors for iron-containing host molecules, such as heme, and the siderophores of other microorganisms, such as the fungal siderophore, ferrichrome.
In contrast to most commensal E. coli strains that encode few iron acquisition systems, UPEC expresses a large arsenal of iron acquisition systems [105] . For example, the genome of prototypical pyelonephritis UPEC strain CFT073 encodes 14 characterized outer membrane iron compound receptors, as well as the biosynthesis machinery for three different siderophores: catecholates enterobactin and salmochelin, and the hydroxamate aerobactin [11] . Many outer membrane iron compound receptors share the characteristics of an ideal UPEC vaccine target: they are surface-exposed on the bacterium; expressed during infection; and prevalent among pathogenic E. coli strains. Thus far, seven UPEC outer membrane iron compound receptors (IroN, IreA, IutA, FyuA, Iha, Hma and ChuA) have been evaluated as vaccine candidates to prevent UTI, five of which (IroN, IreA, IutA, FyuA and Hma) significantly protect in a mouse model of infection, demonstrating that outer membrane iron receptors are a promising new class of UPEC vaccine targets [31, 106, 107] .
Of the four possible siderophores produced by E. coli clinical isolates, three are more often produced by pathogens: aerobactin, yersiniabactin and salmochelin [105, 108] . As a result, the outer membrane receptors for these siderophores have been investigated as prospective targets for vaccination. Subcutaneous immunization with a denatured form of the UPEC salmochelin outer membrane receptor, IroN, conferred significant protection from experimental UPEC infection in mouse kidneys and produced a significant IroN-specific serum IgG response [106] . However, IroN immunization did not induce a significant systemic or mucosal IgA response or protect from experimental infection in the bladder, an outcome that could possibly be improved on through the use of an adjuvant or alternative route of vaccine administration. Intranasal immunization with the aerobactin receptor, IutA, conjugated to cholera toxin as adjuvant, significantly protected mice from experimental UPEC infection in both the bladder and kidneys, and induced a significant increase in IutAspecific urinary IgA [31] . Although aerobactin production is pathogen-associated, gene expression data using mRNA isolated directly from bacteria in urine of women with active UTIs suggest that aerobactin production may not be widely abundant among UPEC strains, limiting the usefulness of an IutA-based UPEC vaccine [41] . Subcutaneous immunization with the UPEC yersiniabactin receptor, FyuA, combined with Freund's adjuvant, significantly protected mice from death in a lethal sepsis model of pathogenic E. coli infection [107] . Passive immunization with purified sera from FyuA-immunized rabbits demonstrated the protection to be immunoglobulin-mediated.
In addition to the outer membrane receptors that facilitate ferrisiderophore import, UPEC vaccines have also targeted bacterial outer membrane receptors for host heme, the ironcontaining prosthetic group of hemoglobin, and other hemoproteins. Intranasal immunization with the heme receptor Hma conjugated to cholera toxin as adjuvant, significantly protected mice from experimental infection with UPEC in the kidney, but not the bladder [31] . Surprisingly, immunization with an alternative UPEC heme receptor, ChuA, did not provide significant protection from experimental infection [31, 107] . Although iron acquisition is required for UPEC colonization of the host urinary tract, no single essential iron acquisition system has yet to be identified. Indeed, many UPEC iron acquisition systems may be functionally redundant and unequally expressed among UPEC strains, requiring a successful iron receptor-based UTI vaccine to target more than one iron acquisition system to be broadly effective [41, 109, 110] . Multiepitope vaccines that contain domains from many outer membrane iron receptors address this dilemma by generating protective immunity against several UPEC iron acquisition systems. Recently, Wieser and colleagues [111] constructed two such multiepitope subunit vaccines (designated Vol1 and Vol2) containing domains from six E. coli outer membrane iron receptors (FyuA, IroN, ChuA, IreA, IutA and Iha) and the uropathogenic-specific protein (Usp) connected by spacer domains on single recombinant proteins. Intranasal immunization of mice with either Vol1 or Vol2, conjugated to cholera toxin as adjuvant, was able to significantly reduce UPEC bacterial loads in the liver 48 h after experimental intraperitoneal UPEC challenge [111] . However, only immunization with the Vol1 construct, containing domains from FyuA, IutA, Iha and Usp, was able to significantly decrease experimental UPEC bacterial loads in the spleen [111] . Similar results were obtained when the multiepitope vaccines were administered via a live bacterial antigen delivery system based on the Salmonella type 3 secretion system [112] . In agreement with earlier results, immunization with the Vol1 (pST1) construct significantly reduced bacterial loads in the murine liver and spleen, in contrast to the Vol2 (pST2), which did not induce significant protection [112] . These data from the multiepitope and iron receptor-based immunization studies are encouraging for UTI vaccine development and continued research into UPEC iron acquisition during infection may help inform future vaccine designs that target UPEC, as well as other pathogens that depend on iron acquisition to survive within the host.
Expert commentary & five-year view: UPEC heterogeneity & pathogenesis, mucosal immunity & the discovery of novel UTI vaccine candidates
Although select individual antigen-based UPEC vaccines may successfully prevent experimental infection in animal models, a broadly effective UTI vaccine may need to target more than one virulence factor to be clinically useful against the highly heterogeneous UPEC population. Substantial diversity exists within classes of UPEC virulence factors, such that not every UPEC strain expresses the exact set of virulence-associated genes during infection [41] . Although the genomes of pathogenic E. coli frequently encode many more virulence factors than commensal E. coli strains, the absence of a required core set of virulence factors complicates UTI vaccine design [11, 75] . Targeting a single virulence factor may only be effective against a select group of UPEC strains. Vaccine strategies that target multiple virulence factors, such as the multiepitope vaccines constructed by Wieser and coworkers [111] , provide a solution to the problem of UPEC strain diversity. Through targeting multiple members of a class of virulence factors, such as multiple fimbrial adhesins or multiple iron receptors, rather than an individual, it may be possible to overcome UPEC diversity and design a clinically effective vaccine for UTI.
In addition to tackling the ongoing challenge presented by UPEC strain diversity, UTI vaccine development could be better guided through further understanding UPEC pathogenesis and the host mucosal immune response to infection. It is still unclear as to why we are unable to generate an effective adaptive immune response after an initial UPEC infection, leaving us susceptible to repeat infection with the same UPEC strain. Future UTI vaccine development strategies may need to include considerations for mechanisms by which UPEC may be impeding the host's generation or implementation of a protective adaptive immune response. Mechanisms by which UPEC may be subverting the host immune response include interference with Toll-like receptor signaling, the formation of intracellular bacterial communities, the suppression of cytokine secretion, impedance of antibody binding and reduction of the secretion of secretory IgA [26, 44, [113] [114] [115] . Understanding UPEC immune-modulating mechanisms could help guide strategies to combat repeat infection. In addition, better understanding the mucosal immune response to infection could provide guidance to more effective vaccine delivery systems and adjuvants. Defining what specific factors influence the robustness and longevity of a mucosal immune response in the urinary tract would allow vaccine delivery systems and adjuvants to be tailored more effectively. The development of novel adjuvants to improve the mucosal immune response to vaccines, as well as increasing the knowledge of how UPEC interacts with the host immune system, could help inform rational UTI vaccine design.
As well as further exploring the potential of already identified promising vaccine candidates, novel vaccine candidate discovery screens are helping to identify previously unrecognized UTI vaccine targets. Vaxign, a web-based vaccine design program developed by He and colleagues, was used to predict new UPEC vaccine targets based on a reverse vaccinology strategy [116] . In addition to Vaxign, other discovery screens have been used to identify novel vaccine targets. In a 'subtractive reverse vaccinology screen' by Moriel and coworkers, vaccine antigens were predicted using a bioinformatic analysis of three ExPEC strains (CFT073, 536 and IHE3034) [117] . Antigens from CFT073, 536 and IHE3034, predicted to be surface associated or secreted, with three or fewer transmembrane domains, were selected and compared against nonpathogenic E. coli strains (MG1655, DH10B and W3110) for exclusion. By this approach, 230 potential antigens were identified and tested in a mouse model of sepsis, nine of which were newly identified and found to protect against experimental ExPEC infection [117] . Despite ongoing challenges, the progress toward discovering and testing novel vaccine candidates, adjuvants and delivery methods is promising, and we are hopeful for the future development of a vaccine to prevent UTI.
Key issues
• Urinary tract infections (UTIs) are caused when pathogenic bacteria, present in fecal matter, traverse the urethra and colonize the normally sterile host urinary tract, which can lead to permanent kidney damage and sepsis in the most serious cases.
• Out of all uncomplicated UTIs, 80% are caused by a highly heterogeneous group of Escherichia coli strains termed uropathogenic E. coli (UPEC).
• Frequent UTIs amount to a substantial fiscal and public healthcare burden, as half of all women and 12% of men will have at least one UTI in their lifetime.
• Recurrent UTI, defined by having three or more infections within 1 year, can be caused by the same or different UPEC strains.
• Antibiotic therapy is the current standard treatment for UTI, but a rise in the number of antibiotic-resistant strains and the prevalence of antibiotic-resistant mechanisms has complicated treatment.
• The development of a vaccine to prevent UTI would be highly desirable, but none are currently licensed for use in the USA.
• The high degree of diversity among the UPEC population complicates vaccine design, as no individual or core set of virulence factors is known to be required for UTI.
• Although multiple classes of UPEC virulence factors have been targets of UTI vaccinea, including bacterial surface polysaccharides, fimbrial adhesins, toxins and outer membrane iron receptors, a successful vaccine for UTI may need to target more than one UPEC virulence factor to be effective against such a diverse pathogen population. Based on 2010 US census data, an estimated 15 million women will have a UTI annually in the USA [118] . Percentages are proportional to the area of the circles. UTI: Urinary tract infection. Summary of uropathogenic Escherichia coli vaccine studies. 
